The etiologic agent of Lyme disease, Borrelia burgdorferi, localizes preferentially in the extracellular matrix during persistence. In chronically infected laboratory mice, there is a direct association between B. burgdorferi and the proteoglycan decorin, which suggests that decorin has a role in defining protective niches for persistent spirochetes. In this study, the tissue colocalization of B. burgdorferi with decorin and the dynamics of borrelial decorin tropism were evaluated during chronic infection. Spirochetes were found to colocalize absolutely with decorin, but not collagen I in chronically infected immunocompetent C3H mice. Passive immunization of infected C3H-scid mice with B. burgdorferi-specific immune serum resulted in the localization of spirochetes in decorin-rich microenvironments, with clearance of spirochetes from decorin-poor microenvironments. In passively immunized C3H-scid mice, tissue spirochete burdens were initially reduced, but increased over time as the B. burgdorferi-specific antibody levels waned. Concurrent repopulation of the previously cleared decorin-poor microenvironments was observed with the rising tissue spirochete burden and declining antibody titer. These findings indicate that the specificity of B. burgdorferi tissue localization during chronic infection is determined by decorin, driven by the borrelia-specific antibody response, and fluctuates with the antibody response.
Borrelia burgdorferi, the causative agent of Lyme borreliosis, is a tick-transmitted spirochete that establishes chronic extracellular infection in mammalian hosts. 1, 2 Lyme borreliosis progresses through multiple loosely defined stages, including local infection, dissemination, and persistence. 1 During initial tick-borne infection, spirochetes are deposited within the dermis, locally proliferate, and then disseminate to distant tissues. [3] [4] [5] Distant dissemination is followed by or occurs simultaneously with the onset of acquired immunity, which resolves disease (ie, arthritis and carditis) and reduces the number of spirochetes in tissue. 6 Remaining spirochetes that have evaded the acquired immune response persist for months to years. [7] [8] [9] [10] At each of these stages, morphologically intact spirochetes are identifiable in the extracellular matrix (ECM). During early infection, disseminating spirochetes colonize a broad range of tissues. 1, 3, 6 During chronic infection, persisting spirochetes are restricted to the ECM of the dermis, periarticular connective tissue, tendons, ligaments, perineurium, periaortic connective tissue at the base of the heart, and other collagen-rich sites. 3, 4, 6, 7, [11] [12] [13] Since the initial disease description, spirochetes have been described as aligning with or intercalated between collagen fibers in the ECM of connective tissue. 3, 6, 7, 14 Collagen is but one component of the molecularly diverse ECM. The ECM is composed of a network of fibrillar proteins embedded within a hydrated ground substance composed of proteoglycans and glycosaminoglycans. 15 In order to colonize these connective tissue-rich predilection sites, any bacterium, including a spirochete, must interact with these various ECM components through bacterial cell surface adhesins. 16 B. burgdorferi encodes a surprisingly large number of ECM adhesins for its relatively small genome (reviewed by Antonara et al 17 ) . The known borrelial ECM adhesins include decorin-binding protein (Dbp)A and B, Borrelia glycosaminoglycan-binding protein (Bgp), fibronectinbinding protein (BBK32), RevA, RevB, members of the Borrelia membrane protein family (BmpA-D), OspEF-related proteins (Erps), P66, and a yet to be identified adhesin that binds directly to type I collagen. These adhesins bind respectively to decorin, various glycosaminoglycans, fibronectin, laminin, and a IIb b 3 and a v b 3 integrins. [17] [18] [19] [20] [21] [22] [23] [24] [25] Based on the number of putative borrelial adhesins, many more borrelial adhesin-ECM ligand interactions are likely to be revealed in future. 17, 26 Given the wealth of adhesins elaborated by B. burgdorferi, it is not surprising that no single adhesin is absolutely essential to infection and persistence. 2, 17 Lack of a single adhesin can alter pathogenicity by influencing specific stages of disease. For example, DbpA/B and decorin is one adhesinligand interaction that has been scrutinized in relation to chronic infection. Liang et al 27 observed a direct relationship between the numbers of persisting spirochetes and decorin expression level in collagen-rich tissues (eg, skin, joint, and heart). The observed protective capacity of these tissues was specific to decorin, evident only in the face of an acquired immune response, and associated with an increased expression of dbpA. 27 In chronic (post-disease resolution) infection, Barthold et al 6 demonstrated that the antibodymediated immune response resulted in a change in the microenvironmental localization of persisting spirochetes into collagen-rich connective tissues. Together, these observations support the existence of preferential connectivetissue localization during chronic Lyme borreliosis. They further suggest that preferential connective-tissue localization may be driven by the humoral immune response and that decorin may be a major determining ECM component.
The purpose of this study was to evaluate the microenvironmental dynamics of connective-tissue localization in chronic stages of Lyme borreliosis in the mouse model, evaluate the influence of the B. burgdorferi-specific antibody response on the specificity of tissue localization, and evaluate the extent to which decorin determines connective-tissue localization. We focused on the heart and, in particular, the connective tissue of the heart base, as a model tissue for study, as it is a consistent site into which disseminating spirochetes colonize and a site in which inflammation (carditis) develops during the early phase of infection. 3, 4, 11 After induction of the immune response, the heart base is also a site in which disease resolves, but spirochetes persist within connective tissue. 6, 7 Additionally, the heart base contains closely apposed decorin-rich (vascular adventitia) and decorin-poor (vascular media) microenvironments that other tissues, such as joints, lack. An added advantage of focusing on the heart base is that decalcification, which can result in inadequate antigen preservation, is not necessary. Using the heart in a well-characterized C3H 7 and passively immunized C3H-scid 6,27-29 mouse model of chronic Lyme borreliosis, the present study confirmed the preferential connective-tissue localization of B. burgdorferi and demonstrated that preferential connective-tissue localization is specific to decorin-rich microenvironments, is driven by a B. burgdorferi-specific antibody response, and that recrudescence results in loss of decorin-specific connectivetissue localization.
MATERIALS AND METHODS Borrelial Strains
The low passage B. burgdorferi 'sensu stricto' strains cN40 and B31were utilized to establish infections. 7, 30, 31 B. burgdorferi cultures were grown in liquid modified Barbour-StoennerKelly (BSKII) medium supplemented with 6% normal rabbit serum. 32 Mice Specific-pathogen-free, 3-5-week-old, female C3H/HeN (C3H) mice were acquired from Frederick Cancer Research Center (Frederick, MD, USA) and severe combined immunodeficient C3H/Smn.CIcrHsd-Prkdc scid (C3H-scid) mice were obtained from Harlan Sprague Dawley (Indianapolis, IN, USA). Mice were killed by carbon dioxide narcosis and cardiac exsanguination.
Experimental Infections
Mice were infected by subdermal inoculation of 10 4 -10 5 mid-log phase B. burgdorferi in 0.1 ml BSKII medium on the dorsal thoracic midline. To represent naive mice, uninfected mice were necropsied without borrelial inoculation. To represent chronic infection, C3H mice were necropsied at day 60 post inoculation. For passive immunization studies to manipulate humoral immunity, immune serum from C3H mice infected with either B. burgdorferi cN40 or B31 was collected at 60 days of infection, as previously described. 29 Infected C3H-scid mice were passively immunized with 0.3 ml immune serum subcutaneously on days 12, 18 and 24 post inoculation. Immune serum administered was homologous to the specific B. burgdorferi strain (cN40 or B31) used to establish infection. Negative controls were administered normal mouse serum (NMS) from uninfected naive mice. Subsets of passively immunized C3H-scid mice were necropsied on days 28, 56 and 72 post inoculation. Sub-inoculation site and urinary bladder tissues were aseptically collected for culture to confirm infection, as previously described. 7 Tissues collected for DNA extraction included skin, heart base, ventricular muscle, quadriceps muscle, and left tibiotarsus. Tissues collected for immunohistochemistry (IHC) and immunofluorescence (IF) included heart base and myocardium. Hearts were bisected along the longitudinal axis to provide samples for both DNA extraction, IHC and IF. Mice used in infectivity experiments that were neither culture-nor quantitative PCR (qPCR)-positive were discarded from the data set.
Quantitative PCR DNA was extracted from tissues using DNeasy tissue kits, according to the manufacturer's instructions (QIAGEN, Valencia, CA, USA). Samples were analyzed by qPCR for B. burgdorferi flagellin (flaB) DNA, using a previously optimized primer set and internal hydrolysis probe assay 33 to confirm infection and quantify tissue spirochete burdens. Quantification of gene copies was based on absolute standard curves prepared using plasmid standards. 33 Target-gene copy numbers were expressed as copy number of flaB per mg of tissue weight.
Enzyme-Linked Immunosorbent Assay
Ninety-six-well plates were coated with 1 mg/ml B. burgdorferi cN40 whole-cell lysate or 0.5 mg/ml rabbit anti-mouse IgG antibody (Southern Biotech, Birmingham, AL, USA) in carbonate coating buffer (pH 9.6), as described previously. 34 The secondary antibody used was alkaline phosphataseconjugated goat anti-mouse IgG, diluted at 1:5000 (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). Antibody-binding was revealed using 1 mg/ml phosphate substrate (Sigma-Aldrich, St Louis, MO, USA) in diethanolamine buffer. Optical density values (405 nm) were measured on a kinetic microplate reader (Molecular devices, Sunnyvale, CA, USA), as described previously. 6 Immune sera and individual mouse serum samples from passively immunized C3H-scid mice were titrated in threefold dilutions (starting at 1:300) for immunoreactivity to either B. burgdorferi cN40 or for total serum IgG levels. All serum samples were tested in duplicate, and each assay included uninfected mouse serum (NMS from C3H and/or C3H-scid mice, as needed) as a negative control and day 60-post inoculation B. burgdorferi cN40-infected mouse immune serum as a positive control.
Immunofluorescence
Tissues were embedded in Tissue-Tek OCT compound (Sakura, Torrance, CA, USA), flash-frozen in liquid nitrogen and stored at À 80 1C. Tissues were sectioned 5-mm thick on Superfrost/Plus slides (Thermo Fisher Scientific, Waltham, MA, USA), fixed for 5 min in cold acetone, air-dried for 30 min and rehydrated in PBS for 10 min. Non-specific reactivity was blocked by incubation with 10% horse serum in PBS for 30 min. Tissue sections were incubated with primary goat anti-decorin antibody (R&D systems, Minneapolis, MN, USA) for 12 h at 4 1C. Primary antibody reactivity was assessed by incubation with the appropriate NorthernLights 493 fluorochrome-labeled secondary donkey anti-goat antibody (R&D systems) for 1 h at room temperature. Rinses were performed in PBS with 0.05% Tween 20 (SigmaAldrich) to reduce surface tension. Tissues were counterstained with DAPI for 10 min, mounted in Fluoromount-G (Southern Biotech, Birmingham, AL, USA) and cover-slipped.
Histochemistry and IHC
Tissues were immersion-fixed in 10% neutral-buffered formalin, processed, paraffin-embedded, and sectioned 5-mm thick onto Superfrost/Plus slides. Prior to processing, the heart base aorta was appropriately oriented in HistoGel (Thermo Scientific Richard-Allan Scientific, Kalamazoo, MO, USA). Sections of heart base (including aorta) were stained for connective tissue with Masson's trichrome. Sections of heart base (including aorta) were evaluated for the presence of B. burgdorferi, as described previously 29 with the following modifications. Sections were incubated with the following primary antibodies, polyclonal immune serum from B. burgdorferi-infected rabbits or polyclonal rabbit anti-collagen I antibody (Abcam, Cambridge, MA, USA) or goat anti-decorin antibody (R&D systems), for 12 h at 4 1C. The secondary goat anti-rabbit EnVision þ system-HRP (DAKO, Carpinteria, CA, USA) antibody was pre-conjugated to a non-avidin/biotin horseradish peroxidase-labeled polymer. A secondary anti-goat streptavidin-biotin immunoenzymatic detection system (Goat Cell and Tissue Staining Kit, R&D systems) was utilized, per manufacturer's instructions. Rinses were performed in PBS with 0.05% Tween 20 to reduce surface tension. Each immunohistochemical run was performed with the inclusion of a negative (by omission of the primary antibody) and positive (tissues from infected C3H-scid mice in which spirochetes were previously identified by IHC) control.
Sagittal sections through the heart, including the aorta at the heart base, were examined for the presence of spirochetes in the heart base and ventricular myocardium in the following microenvironments: tunica adventitia (connective tissue surrounding arteries), tunica media (the smooth muscle wall of arteries), and myocardial connective tissue. The myocardial connective tissue microenvironment included the myocardial interstitium, epicardium and connective tissue at the heart base (not associated with the great vessels). The anatomic sites and microenvironments were defined based on previous observations of borrelial distribution in the cardiovascular system. 4, 11, 29 Numbers of spirochetes within anatomic locales were graded on a scale of 0 (no spirochetes), 0.5 (rare spirochetes), 1 (small numbers), 2 (moderate numbers), and 3 (large numbers). The mean score ± standard error (s.e.m.) was calculated for each treatment group. Tissue sections were blindly examined, without knowledge of treatment group, by a single pathologist.
Image Acquisition
Epifluorescent and brightfield images were acquired on a Zeiss Axioskop microscope with a Zeiss AttoArc HBO 100 W mercury lamp, Zeiss filter sets, Zeiss Axiocam camera and Zeiss Axiovision software. All image manipulations, including resizing, white-balance adjustment, brightness adjustment (equivalent across epifluorescent images), arrowheads and added text were performed in Adobe Photoshop CS4.
Statistics
Analyses were performed using independent samples t-test or one-way analysis of variance, followed by post hoc pair-wise comparisons (Tukey's HSD test) (Prism v. 5, GraphPad software). Calculated P-values r0.05 were considered significant.
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RESULTS

Localization of B. burgdorferi in the Tunica Adventitia and Myocardial Connective Tissue During Chronic Infection
To begin evaluation of spirochetal connective-tissue localization during chronic infection, the specific cardiovascular microenvironments in which B. burgdorferi persist were investigated. Borrelial infection was maintained in 10 immunocompetent C3H mice inoculated with B. burgdorferi strain cN40 for 60 days, a time point at which immunemediated disease resolution and reduction of spirochete burdens in tissues has occurred. 33 Distribution of spirochetes within (i) anatomic sites (heart base versus ventricular myocardium) and (ii) microenvironments (tunica adventitia, tunica media, and myocardial connective tissue) was evaluated by IHC. A very small number of spirochetes were found ( Figure 1 ) randomly distributed throughout the heart. Though no anatomic site specificity (heart base versus myocardium) was observed, microenvironmental specificity was apparent. The only microenvironments in which spirochetes were identified were in the tunica adventitia ( Figure 1a ) and myocardial connective tissue (Figure 1b) . No spirochetes were identified within the tunica media.
Spirochete Localization in the Tunica Adventitia and Myocardial Connective Tissue is Induced by the B. Burgdorferi-Specific Antibody Response
The original descriptions of spirochete distribution after antibody-mediated disease resolution 6, 27, 29, 35 were made using strain N40 or B31. However, the microscopic localization of morphologically intact spirochetes has only been reported with B. burgdorferi N40. DbpA-N40 and DbpA-B31 have only an 81% amino-acid sequence similarity, 36 with variable in vitro decorin-binding abilities. 37, 38 Thus, the influence of the DbpA/B-decorin interaction and connective-tissue localization could potentially be strain-specific. Therefore, evaluation of spirochete localization post disease resolution was performed using strain B31, to compare with the N40 archetype in order to account for possible strain-specific variation in microenvironmental localization. 6 To evaluate the contribution of humoral immunity to the microenvironmental specificity (and potential preferential connective-tissue localization) of borrelial persistence, 10 immunodeficient C3H-scid mice were inoculated with B. burgdorferi strain B31. A subset of five mice was passively immunized with B31-specific immune serum and a subset of five mice was administered serum from uninfected mice (NMS). At necropsy on day 28 post inoculation, a very small number of spirochetes were identified within the tunica adventitia and myocardial connective tissue (Table 1) in the mice treated with B31-specific immune serum, in contrast to mice treated with NMS, in which spirochetes could be identified in all microenvironments. Relative spirochete burden scores in these microenvironments were statistically significantly lower in mice treated with immune serum (all P-values r0.05) than in the heavily colonized C3H-scid mice administered NMS (Table 1 ). The tunica media of C3H-scid mice treated with immune serum was cleared of spirochetes, while the tunica media of mice administered NMS was not. Thus, in passively immunized C3H-scid mice, the distribution of spirochetes on day 28 recapitulated the distribution of persistent spirochetes in immunocompetent mice, the distribution of persistent N40 spirochetes, and reaffirmed the accuracy with which passive immunization reproducibly induces antibody-mediated tissue spirochete reduction and microenvironmental location for persistence. [27] [28] [29] 35 The data supported the hypothesis that microenvironment-specific localization of persistent spirochetes is associated with a B. burgdorferi-specific antibody response. The observed microenvironmental specificity of persistent spirochetes in response to B. burgdorferi-specific antibody suggested differences in the composition of the tunica adventitia and myocardial connective tissue compared to the tunica media. These microenvironments in which persistent spirochetes localized are likely very similar, but only the tunica adventitia has been characterized. Based on comparative studies in human and laboratory rodents, the tunica adventitia of the aorta is composed of type I collagen, type III collagen, biglycan, decorin, and minimal type IV collagen. [39] [40] [41] The tunica media of the aorta contains all of the same ECM components except for the proteoglycan decorin. 39, 40, 42 There is indirect evidence to support a role for both decorin and type I collagen in determining the tissue specificity of persistent spirochetes. For example, an association between B. burgdorferi tissue burdens and decorin expression levels in homogenates of various tissues has been reported previously. 27 Additionally, type I collagen is commonly associated with decorin, 18, 39, 40, 43, 44 can independently form a matrix that permits borrelial colonization in vitro, 25 and corresponds with the distribution of decorin in certain rodent arteries. 41 To evaluate the contributions of decorin and type I collagen in defining microenvironment-specific localization of spirochetes during chronic infection, the distribution of decorin and type I collagen was immunolocalized in naive C3H mice. Decorin immunolocalized to the tunica adventitia of the aorta (Figure 2a) , and to the epicardium, endocardium, and myocardial interstitium (Figure 2b ), corresponding with previously described decorin immunolocalization studies. 39, 40, 42 The distribution of collagen was next assessed by histochemistry and IHC. Using Masson's trichrome stain, collagen-rich connective tissue was identified in the tunica media and tunica adventitia of the aorta (Figure 3a) as well as the myocardial connective tissue (data not shown). The distribution of type I collagen, assessed by IHC, directly corresponded with the non-specific collagen staining with Masson's trichrome (Figure 3b ). The pattern of decorin distribution (tunica adventitia and myocardial Figure 2 Immunolocalization of decorin within cardiovascular connective tissues. Decorin was localized to (a) the tunica adventitia (TA) of the heart base aorta, and (b) the epicardium (E), endocardium (e) and myocardial interstitium (I) of the heart. Complete absence of immunofluorescence (IF) for decorin in the tunica media (TM) of the heart base aorta highlighted the close apposition of these decorin-rich and decorin-poor microenvironments. IF with goat anti-decorin primary antibody and NL493 fluorochrome-labelled secondary donkey anti-goat antibody; DAPI counterstain; Â 20. statistically significant differences (all P-values r0.05) between respective B31 serum-immunized and NMS treatment groups in specific microenvironments are identified by matching alphabets.
Connective-tissue localization of B. burgdorferi DM Imai et al connective tissue only) was unchanged between naive mice and chronically infected C3H mice from the earlier study (Figure 3c ). Microenvironmental colocalization of spirochetes and decorin (Figure 4 ) in the chronic stage of infection was demonstrated, further implicating decorin as a determining factor for defining permissive microenvironments. Based on these observations, B. burgdorferi preferentially localizes to connective tissue during early and chronic phases of infection, and decorin, not type I collagen, defines the connective-tissue microenvironment for persistence.
Connective-Tissue Localization in Chronic Lyme
Borreliosis is Dynamic Within a discourse on the pathogenesis of chronic bacterial infections, Godfrey 45 proposed that localization of microorganisms is dynamic, with bouts of acute infection arising from persistent and protected reservoirs to repopulate previously cleared and less-protected microenvironments. Microenvironmental localization in decorin-rich connective tissues could be an end-stage event, driven by humoral immunity and maintained as a static process. Alternatively, microenvironmental localization could be a dynamic event, as proposed by Godfrey. 45 To evaluate the dynamics of microenvironmental localization of B. burgdorferi in response to humoral immunity, the duration of infection in C3H-scid mice passively immunized with immune serum was extended to coincide with the time-dependent attrition of passively transferred immunoglobulins and thus, fading of humoral immunity. Thirty C3H-scid were inoculated with B. burgdorferi cN40 and 15 of these 30 C3H-scid mice were (Figure 5a ) progressively declined over time in the mice administered NMS (negative control group) and the mice passively immunized with N40-specific immune serum. Total serum IgG levels were consistently lower to undetectable in the negative control group. B. burgdorferi N40-specific antibody levels (Figure 5b ) at day 28 were statistically significantly greater (Pr0.05) than at days 56 and 72 in passively immunized mice, confirming successful transfer of B. burgdorferispecific antibodies. At days 56 and 72, B. burgdorferi N40-specific antibody levels were near the minimum detection level and not significantly different from mice administered NMS. Therefore, the day 28 interval represented the established immune response and the day 56 and day 72 intervals represented decline of the B. burgdorferi-specific humoral immune response.
Passively transferred immune serum reduced, but did not clear, tissue spirochete burdens (Figures 6a-e) in the C3H-scid mice. At the initial time point, tissue burdens of spirochetes, based on copy numbers of flaB DNA per mg of tissue, in the passively immunized C3H-scid mice were lower than in NMS-treated C3H-scid mice. Over time, and with the waning of the antibody titer, tissue spirochete burdens proceeded to rise. The tissue spirochete burdens at the later time points, compared to the initial time point (day 56 and 72 versus day 28), were only significantly different in skin where tissue spirochete burdens were statistically significantly greater (Figure 6e ). In NMS-treated C3H-scid mice, tissue burdens of spirochetes were initially higher, continued to progressively increase over time, and in many tissues, were significantly greater than in the passively immunized C3H-scid mice (Figures 6a, b and d) .
At day 28 in the C3H-scid mice passively immunized with immune serum, spirochetes were identified by IHC within the tunica adventitia only (Table 2) . No spirochetes were identifiable within the tunica media or the myocardial connective tissues. At day 28, the mean spirochete burden scores in all microenvironments were statistically significantly lower (all P-values r0.05) in mice treated with immune serum than in at least two of three microenvironments at all time points in the NMS-treated mice. In C3H-scid mice treated with immune serum, spirochetes were identified on days 56 and 72 within the previously cleared tunica media and the myocardial connective tissues. Identification of spirochetes in the tunica media on days 56 and 72 in C3H-scid mice treated with immune serum (Table 2) coincided with the decline of B. burgdorferi-specific antibody levels (Figure 5b) . Though not significantly different from day 28, identification of spirochetes in the tunica media at days 56 and 72 was interpreted as repopulation of a previously cleared microenvironment. All microenvironments, especially the tunica media (Figure 7) , at all time points were heavily populated by spirochetes in mice administered NMS, suggesting that one permissive condition for tissue colonization is the absence of borrelia-specific antibody. Thus, the data (repopulation of previously cleared microenvironments, rising spirochete tissue burden by flaB DNA copy number, and coincident decline in borreliaspecific antibody titer) suggest that recrudescence and re-invasion of previously cleared microenvironments occurs with waning humoral immunity.
DISCUSSION
Using the heart as a tissue for investigation in the mouse model of chronic Lyme borreliosis, this study demonstrated a B. burgdorferi-specific antibody-driven change in microenvironmental localization of persisting spirochetes. Moreover, the antibody-driven change in borrelial microenvironmental sequestration was shown to be dynamic. With a decline of humoral immune pressure, recrudescence of persistent spirochetes resulted in the repopulation of Figure 5 Total IgG (a) and B. burgdorferi-specific (b) antibody titers waned over time in C3H-scid mice passively immunized with B. burgdorferi strain cN40-specific immune serum (N40 IS). Mice were inoculated with B. burgdorferi strain cN40 and immune serum was last administered on day 24 post inoculation. Borrelia-specific serum titers were significantly greater (*Pr0.05) at day 28 but not significantly different from the negative control group (administered serum from naive uninfected mice, normal mouse serum (NMS)) at and after day 56 post inoculation. Each data point represents mean reciprocal dilution factor ± s.e.m. from 4-5 mice.
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The mechanism by which decorin defines protective microenvironments and prevents antibody clearance could be specific (due to antigen masking by binding to an immunogenic borrelial adhesin) or non-specific (by inhibiting antibody accessibility). Current evidence, including observations made in this study, supports the former possibility. A direct correlation between decorin expression in the homogenates of tissues and spirochete persistence has been observed in mice experimentally inoculated with B. burgdorferi, 27 but that study did not localize the specificity of the microenvironment. Greater tissue decorin expression levels were reported in sites (joint and skin) that harbored greater spirochete burdens during chronic infection (B60 days) or after passive immunization with B. burgdorferispecific immune serum. Decorin appeared to be the specific key component to these sites of sequestration, as these same sites harbored significantly fewer spirochetes (by copy numbers of flaB DNA) in chronically infected decorindeficient mice. Localization in these tissues could be driven by passive immunization of C3H-scid mice with polyclonal antibody to recombinant DbpA alone, 6 and these sites failed to protect spirochetes that expressed non-decorin-binding immunogenic adhesins (OspA and OspC), 27, 46 indicating that the protective capacity of these tissues was not due to non-specific impermeability to antibody but was specific for Dbp-expressing spirochetes. Our findings further prove the importance of the decorin-spirochete colocalization, and extend this observation, showing that intact spirochetes were present within decorin-rich microenvironments and there is tissue redistribution with fluctuations in humoral immune pressure.
The role of Dbps and their specific interaction with the ECM and decorin in the pathogenesis of Lyme disease has been extensively investigated. The Dbps include a pair of outer surface proteins, DbpA and DbpB, that are constitutively expressed throughout all stages of infection, 33, 34, 38, 47 are surface-exposed, 19, 38 and are highly immunogenic. 38,47,48 Figure 6 Recrudescence of B. burgdorferi as the B. burgdorferi-specific antibody titer waned at and after day 56 post inoculation in passively immunized C3H-scid mice. The C3H-scid mice were inoculated with B. burgdorferi strain cN40 (N40 IS) and were administered cN40-specific immune serum or serum from naive uninfected mice (NMS) in three doses, ending on day 24 post inoculation. Tissue spirochete burdens (as the mean copy number flaB DNA±s.e.m.) rose in the heart base (a), ventricle (b), tibiotarsus (c), quadriceps (d) and skin (e) as the antibody titer waned in the N40 IS-treated group, but only in skin (e) was the rise of spirochete tissue burdens statistically significant (*all P values r0.05). As expected, in NMS-treated mice (negative control group) tissue spirochete burdens were statistically significantly greater in the heart base (a) (*day 28, Po0.013; day 56, Po0.004; day 72, Po0.024), ventricle (b) (*day 28, Po0.04; day 56, Po0.007; day 72, Po0.014) and quadriceps (d) (*day 28, Po0.004; day 56, Po0.002).
DbpA is considered to be the more biologically relevant adhesin, as it has a stronger specificity for the host ligand decorin, 19 induces stronger protective immunity, 34, 38 can solely induce a disease-resolving immune response, 6 and can restore a wild-type phenotype to Dbp-deficient mutant Borrelia. [49] [50] [51] Deficiency in Dbps results in a phenotype of delayed dissemination with an overall decrease in Dbp-deficient spirochete tissue burdens 51, 52 and decreased retrieval of Dbp-deficient spirochetes from tissues distant to the inoculation site 18, 19, 25 at early time points (o30 days). However, in the later stages of infection (442 days), tissue spirochete levels equivalent to wild-type infection are eventually reached and persistence is achieved by the Dbp-deficient spirochetes. 51 Thus, Dbps are involved in dissemination, are not absolutely required for persistence, and the phenotype of Dbp-deficient mutant Borrelia suggests the existence of functionally redundant adhesins that are involved in but less efficient at dissemination.
The lack of an absolute Dbp requirement for persistence does not negate the potential importance of the Dbp-decorin interaction in immune evasion. Rather, genetically manipulated spirochetes that lack a highly immunogenic, continuously expressed outer surface protein would be expected to evade immune clearance and persist. This scenario would be more likely to occur if there existed functionally redundant adhesins that may be less effective, but are not as immunogenic. Overproduction of either DbpA or DbpB has shown the opposite immunogenic pattern, with generation of a faster and stronger specific humoral immune response 50, 53 and increased binding of specific antibodies to spirochetes. 50 Despite this, DbpA-and DbpB-overexpressing spirochetes are still not cleared and persist in a manner equivalent to the rescued wild-type phenotype of DbpA/B-complemented spirochetes. 50 In a separate study, spirochetes were shown to persist in lesser numbers and, predominantly, in the skin. 53 The DbpA-overexpressing mutant spirochetes share a phenotype of delayed dissemination with Dbp-deficient mutant spirochetes. 50, 53 As one could postulate that the Dbp-deficient spirochetes are disseminating with the use of less-efficient functionally redundant adhesins, so, one could posit that the Dbp-overexpressing Borrelia may be slowed by increased interaction with the ECM. Increased interaction with the ECM (and decorin, specifically) may also explain why these extremely immunogenic, adhesin-overexpressing Borrelia may be able to avoid antibody-mediated clearance.
This study highlights the importance of the antigenspecific antibody response in Lyme borreliosis (reviewed by La Rocca et al 54 ). The biphasic patterns of sequestration and subsequent recrudescence simultaneously occurring with the rise and fall of the B. burgdorferi-specific antibody titer suggest that the dynamics of persistence are at least partially dependent on humoral immune pressure. A similar phenomenon of recrudescence has been reported following passive transfer of neutralizing B. burgdorferi antigen-specific antibodies in immunodeficient mice. 28 The aforementioned study also demonstrated antibody-driven, antigen-dependent (OspC) positive selection of non-antigen expressing spirochetes with reversion to antigen expression after Statistically significant differences (all P-values r0.05) between N40 serum-immunized and NMS treatment groups within the respective microenvironments and durations of infection identified by matching alphabet.
Connective-tissue localization of B. burgdorferi DM Imai et al antibody neutralization. 28 The antibody-driven immune pressure either induced antigen downregulation or selected for a specific sub-population of B. burgdorferi that was then able to persist. A very similar phenomenon occurs in other borrelial species, such as the relapsing fever Borrelia spp., with cyclical proliferation and antibody clearance of one dominant serotype, only to allow another serotype to then proliferate. 54 In this study, the phenomenon of recrudescence presented in the passively immunized C3H-scid mouse model is likely to be an exaggeration of what may occur in spontaneous infections. The biological validity of local recrudescence is supported by both clinical and experimental evidence of a cyclical disease pattern and a hyperimmunization antibody profile (suggestive of repetitive exposure) to chronic human and murine Lyme borreliosis. 1, 7, 8 The natural antibody profile reveals the caveats to local recrudescence in spontaneous Lyme disease. Bouts of untreated human Lyme arthritis typically occur in the face of a high antibody titer 7, 8 suggesting that fluctuation in the quality of the antibody response, rather than quantity, is the determining factor for spirochetal repopulation of previously cleared microenvironments. Other cofactors, such as micro-trauma, within chronically infected joints may influence the episodic nature of clinical disease. Thus, we simply conclude that fluctuations in antibody-mediated immune pressure and recurrent bouts of local recrudescence arising from an internal reservoir of persistent bacteria may be one necessary factor in the maintenance of chronic borreliosis. 45, 55 
